The objective of this was to evaluated plant extracts (Piper nigrum, Coriandrum sativum, Cuminum cyminum, Syzygium aromaticum, Trigonella foenum-graecum, Myristica fragrans, Zingiber officinale, Allium sativum and Cinnamomum verum) for their anti-quorum sensing potential to inhibit the biofilm formation in Cronobacter sakazakii strains. The bioassay based on loss of pigment production by Chromobacterium violaceum 026 and Agrobacterium tumefaciens NTL4(pZLR4) was used for initial screening of the extracts. Further, the effect of extracts on the inhibition of QS-mediated biofilm in Cronobacter sakazakii strains was evaluated using standard crystal violet assay. The effect on biofilm texture was studies using SYTO9 staining, Light and Scanning electron microscopy. Among the tested extracts, Piper nigrum and Cinnamomum verum at 100 ppm resulted in 78% and 68% reduction in production of violacein as well as blue-green color in both biosensor strains. A higher inhibitory activity (>50%) on biofilm formation in C. sakazakii was observed for P. nigrum and Cin. verum whereas the other extracts possessed moderate (25-50%) and minimal (<25%) inhibitory activities. Further, the fluorescent and Scanning Electron Microscopic images indicated a major disruption in the architecture of biofilms of tested strains by P. nigrum. This study points to the possibility of using P. nigrum and Cin. verum as inhibitor of quorum sensing mediated biofilm formation by C. sakazakii which could be further explored for novel bioactive molecules to limit the emerging infections of C. sakazakii, chamomile, carrot and garlic) (Rasmussen et al. 2005) and essential oils of several plants (e.g., lavender, eucalyptus and citrus) (Szabo et al. 2010) have shown anti-QS effects, however, the studies on effect of these plant extract against biofilm formation and inhibition of QS in C. sakazakii have not been reported. Earlier reports on anti-biofilm ability of transcinnamaldehyde (TC) from cinnamon indicated that the compound at sub-inhibitory concentration of TC was able to inhibit biofilm synthesis and inactivate mature biofilms of C. sakazakii on different abiotic substrates (Amalaradjou and Venkitanarayanan, 2011); however no investigation was conducted on QS mechanisms.
Introduction
Cronobacter sakazakii is a bacterial pathogen associated with invasive infections, with a fatality rate up to 80% and infant's cases have been epidemiologically-related to the ingestion of contaminated powdered infant formula (PIF) [Joseph et al. 2012; Kalyantanda et al. 2015; Singh et al. 2015a ]. The organism is reported to form biofilms on different substrates ranging from silicon, latex, polycarbonate, stainless steel, glass, and polyvinyl chloride [Iversen et al. 2004; Lehner et al. 2005; Kim et al. 2006 ] and is able to produce extracellular polysaccharides (Lehner et al. 2005) . Furthermore, there are also reports that Cronobacter spp. have the ability to survive in desiccated conditions for several weeks and are resistant to osmotic stresses that may be due to formation of biofilms (Iversen and Forsythe 2003) .
Various literature studies have indicated that the ability to form biofilm among different isolates of Cronobacter spp. is generally strain specific (Lehner et al., 2005; Kim et al. 2006; Hartmann et al. 2010; Du et al. 2012; Lee et al. 2012; Jung et al. 2013; Hu et al. 2015) . The studies from Lehner et al. (2005) demonstrated the ability of biofilm-producing strains of C.
sakazakii to synthesize the cell signaling molecules acyl homoserine lactones (AHLs), which mediate quorum sensing (QS). This cell-to-cell signaling along with other genetic and environmental factors have been reported to be involved in biofilm formation in bacteria (Waters and Bassler 2005; Shrout et al., 2011) . Therefore, the interference with this phenomenon by means of quorum sensing inhibitors (QSI) could be an attractive approach to prevent or to reduce biofilm based infections. Several natural and synthetic anti-QS compounds have been reported where extracts of various natural products (e.g., bean sprout, 
Anti-quorum sensing activity of plant extracts
The anti-quorum sensing activity of the extracts was evaluated using indicator strains with well-diffusion as well as test tube assay.
Well-diffusion method
The methanolic plant extracts were screened for anti-QS activity using an AHL-based in vitro QS assay using two biosensor strains, C. violaceum CV026 and A. tumefaciens NTL4(pZLR4) by the agar-well diffusion test. A 50 μL sample of overnight broth culture of C. violaceum CV026 (10 5 cfu/mL) was added to 10 mL of LB soft agar along with 1.25 μM of C6-AHL (99%, Cayman Chemicals, USA) as QS standard molecule and the mixture was overlaid onto LB agar plates. After solidification of overlay layer, wells of 6 mm diameter were dug using a sterile corkborer. The methanolic plant extract (50 μL) was added to respective wells and the plates were incubated overnight at 28 o C in upright position (McLean et al. 2004; Mukherji and Prabhune 2015) . The testing for QS inhibition against A.
tumefaciens NTL4(pZLR4) was done in a similar way supplementing the agar with 50 mg/mL X-gal along with 1.25 μM of 3-oxo-C8 AHL (99%, Cayman Chemicals) as standard AHL. The inhibition of QS was detected by the presence of colorless zone with viable cells around the well.
Test tube method
The qualitative effect of extracts on the QS-controlled production in C. violaceum CV026 and A. tumefaciens NTL4(pZLR4) was determined as described previously with some modification (Choo et al. 2006) . Briefly, 10 mL LB and NB medium containing 50 μL of each plant extracts was inoculated with C. violaceum CV026 and A. tumefaciens NTL4(pZLR4) along with 1.25 μM of C6 AHL and 3-oxo-C8 AHL, respectively. The tubes were incubated for 24 h at 28 o C in an shaking incubator (130 rpm). Next, violacein was extracted in DMSO from the cells and was quantified at optical density 580 nm in a UV-Vis spectrophotometer. Simultaneously, absorbance of the supernatant containing blue-green colouration was measured at a wavelength of 630 nm using DMSO as the blank. The percentage of inhibition was calculated by following the formula: percentage of inhibition = (control OD − test OD / control OD ) × 100.
Anti-bacterial activity of plant extracts
The non-antibacterial activity of all plant extracts was also determined to confirm that the halos produced on lawns of the biosensor strains resulted from QSI rather than the antibacterial activity of the plant extracts. The well-diffusion assay was performed in tryptone soy agar (TSA) by adapting the method specified by the Clinical and Laboratory Standards
Institute (CLSI 2006) . Briefly, 100 μL of overnight grown C. sakazakii strains were uniformly spread over the surface of TSA plate. The wells were punctured and filled with 50 μL of each plant extract. The plates were incubated at 37 o C for 24 h and observed for growth inhibition.
Inhibition of C. sakazakii biofilm formation
The effect of extracts on the biofilm formation of C. sakazakii isolates was determined by quantifying the biofilm biomass through microtiter plate (MTP) assay (Thenmozhi et al., 2009 ). In brief, 20 μL overnight grown C. sakazakii isolates (10 6 cfu/mL) and extracts were added in the dose-dependent manner (50, 100 and 150 ppm) into 230 μL of fresh TSB medium. The plates were incubated without agitation for 48 h at 37 o C. After incubation, the planktonic cells in MTPs were removed by washing the wells twice with sterile water. The surface-adhered cells in the MTP wells were stained with 200 μl of 0.2% crystal violet (CV) solution. After 15 min, the excess CV solution was removed and CV in the stained cells was solubilized with 250 μl of 33% glacial acetic acid. The biofilm biomass was then quantified by measuring the intensity of CV at OD 570nm using UV-Vis spectrophotometer. The sterile TSB was used as negative control. The percentage of biofilm inhibition was calculated by following the formula: percentage of biofilm inhibition = (control OD570 nm − test OD570 nm / control OD570 nm ) × 100. The dose of 100 ppm illustrating strong anti-biofilm activity was taken as minimum inhibitory dose and used for further experiments.
Microscopic analysis of C. sakazakii biofilms

Light microscopic analysis
The light microscopy analysis of bacterial biofilm was carried out following the method of Musthafa et al. (2010) . A 50 μL overnight grown C. sakazakii isolates (10 6 cfu/mL) were added into 2 mL of fresh TSB medium containing cover slips 1 x 1 cm in 24-well MTP along with a control well without extracts. After static incubation for 48 hours at 37 o C, the cover slips were removed, rinsed with phosphate buffer (pH-6.5) and were stained with 0.2% CV.
The stained cover slips with the biofilm were visualized under light microscopy at magnification of 40X at a numerical aperture of 0.65 (Labomed CxL Monocular, CxLMONO, USA) with ToupView(x86) as imaging system.
Scanning Electron Microscopy
For SEM analysis, the biofilms of C. sakazakii isolates were obtained on glass cover slips as described earlier. After 48 h, the dehydrated biofilms were coated with the thin layer of gold and examined under SEM (Hitachi S-3400N, Tokyo, Japan) using an accelerating voltage of 10kV.
Fluorescent Microscopy
The biofilms on the cover slips were also visualized by fluorescence microscopy, by means of the LIVE/DEAD Bac Light bacterial viability kit (L10316, Invitrogen-Molecular Probes, USA) to stain cells over a 15 min period in the dark as per manufacturer's instructions. The bacteria were observed at 400X magnification using a fluorescence microscope BX53
(Olympus Microscopy, USA) equipped with imaging system Qiclick TM ((Olympus, USA).
The kit is composed of green-fluorescent nucleic acid stain (SYTO 9) and the red-fluorescent nucleic acid stain (Propidium iodide). The green stain can label bacteria with intact membranes and with damage membranes. In contrast, the red stain penetrates only bacteria with damaged membranes and has a diminution in the green fluorescence when both dyes are present. The excitation/emission range of the green stain is 470/510-540 nm and 470/620-650 nm for the red stain.
Statistical Analysis
All the experiments were run in triplicates on a single plate on three different days. The mean values were calculated for biofilm formation and percent biofilm inhibition and the comparison between the means was done by ANOVA and Tukey's multiple comparison test (P ˂ 0.05) by SPSS software.
Results
Inhibition of quorum sensing by plant extracts
The present study investigates the anti-quorum sensing activity of methanolic extracts of nine maximum of 78% inhibition in violacein production was observed with P. nigrum alone ( Fig.   5 .2). However, a 49.0 and 34.5 % reduction in violacein production was observed with extracts from Cor. sativum and A. sativum, respectively. However, significant loss (68%) of blue-green color was detected in A. tumefaciens NTL4(pZLR4) with extracts from Cin.
verum while Cum. cyminum and P. nigrum resulted in a reduction of 21.5 and 16.2%, respectively ( Fig. 5.2) . Negligible effect on inhibition was noted by other plant extracts.
Figure. 5.2: Quantitative analysis of inhibition of violacein and blue-green pigment CV026 and in A. tumefaciens NTL4(pZLR4) by plant extracts.
No zone of growth inhibition was observed for plant extracts against the test strains of C.
sakazakii which confirmed that the halo-effect created in bioassays was due to nonpigmentation (QS mediated process) in cells adjacent to the well indicating that the inhibitions caused by the plant extracts were solely due to anti-QS activity.
Plant extracts influence C. sakazakii biofilm formation
Confirmation of the biofilm-inhibitory activity of the nine plant extracts was determined at at a dose of 100 ppm of plant extracts. A significant biofilm inhibition was observed with the plant extract as compared to the negative control, when the extracts were used at a dose of 100 ppm (P < 0.05). The extracts were divided into three groups depending on percent biofilm inhibition (high, > 50%; moderate, 50-25% and minimal, < 25%) against C. sakazakii isolates. Four (P. nigrum, S. aromaticum, T. foenum-graecum and Cin. verum) of the nine extracts investigated, possessed higher anti-biofilm activity against the strains ( showed minimal activity against biofilm forming C. sakazakii isolates. structure between biofilms treated with P. nigrum extract and the untreated control ( Fig. 5.3) .
The control slides showed a well developed biofilm growth of the test strain, whereas, on treatment with plant extract, scattered cell growth was observed on the glass slide. Further, fluorescent microscope images indicated well developed biofilm in control whereas the strains were treated with extract developed poor biofilm (Fig. 5.3) . These observations clearly reveal the ability of P. nigrum extract to disturb the mature biofilms. 
Discussion
The present study investigated the anti-QS activity and biofilm inhibitory effect of plant extracts in C. sakazakii strains. The screening of anti-QS potential of natural plant extracts was determined based on their ability to inhibit QS based biofilm formation in C. sakazakii.
Firstly, the anti-QS potential of plant extracts was analyzed using C. violaceum CV026 and violaceum CV026. The eugenol, a major component of P.nigrum has been previously reported for its QSI activity at the concentration of 150 and 200 μM which inhibited violacein production in C. violaceum CV026 by up to 48 and 56.5 %, respectively (Zhou et al. 2013 ). Niu et al. (2006) reported that cinnamaldehyde (compound of Cin. verum) is a potential inhibitor of 3-oxo C6 AHL in the biosensor strain E. coli and was also found to inhibit QS in Vibrio harveyi by inhibiting the 3-hydroxy C4 AHL QS signaling molecule at sub-inhibitory concentrations. The spices such as thyme, Z. officinale and turmeric have been described to reduce 41% violacein pigment production in C. violaceum (Vattem et al. 2007) . The outcome of the present study are analogous with those of Khan et al. (2009) , who reported 92% inhibition of violacein production in C. violaceum CV026 by S. aromaticum oil.
Screening for anti-QS activity using multiple biosensors strains removes artifact effects. (Yang et al. 2013 ). Among the chemical approaches, quaternary ammonium and phenolic disinfectants and a combination of peroxyacetic acid and hydrogen peroxide were used and reported to exhibit different levels of lethality towards Cronobacter, depending on time of exposure and whether the bacterium is present in a food matrix or as biofilm (Kim et al. 2007 ). The results indicated that the population of planktonic cells of C.
sakazakii suspended in water (7.22 to 7.40 log cfu/ml) was reduced to undetectable levels (< 0.30 log cfu/mL) within 1 to 5 min upon treatment with disinfectants, whereas numbers of cells in reconstituted PIF were decreased by only 0.02 to 3.69 log cfu/mL after treating them for 10 min. Recently, the effectiveness of a chlorine sanitizer solution against Cronobacter biofilms was reported to be affected by the concentration of chlorine solution (100-5000 ppm), its pH (7.0-9.0), and type of surface of conveyer belt (Buna-N or PVC) (Song et al. 2014) . They observed that the number of viable cells in the biofilm on a Buna-N chip decreased by 3 log and for PVC by 2.21 log after 10 min of exposure to 100 ppm and 400 ppm of pH-adjusted (pH 7) chlorine solution, respectively. However, disinfectants that are regularly used in the hospital, day-care and food service kitchens are reported to be ineffective in eradicating biofilms comprised of Cronobacter spp. (Kim et al. 2007 ).
The results obtained in this present investigation indicated that the extracts not only reduced the biofilm biomass (as quantified by CV staining), but also reduced the microcolony formation, which was more evident from the light microscopic ( Fig. 5 .3) and fluorescent microscopic images ( Fig. 5.4) . Herein, we observed that when using SYTO9, a diminution in fluorescence was viewed in treated biofilms. The fluorescence of dead cells was more in comparison to that of living cells, this reduction proposes that treatment with QSI resulted in lower cell numbers through reduced attachment and/or increased detachment. These data suggest that the QSI may exert their effect during initial stages of attachment, or, promote detachment at later stages with reduction in AHL activity which indicates interference with the bacterial QS system.
Conclusion
In conclusion, the tested plant extracts reported in the present investigation efficiently inhibited AHL based QS mechanisms in C. sakazakii along with their ability to disrupt the biofilms of the pathogen. In the interest of food safety, this study introduces the QSI and antibiofilm potential of plant extracts which can be easily incorporated as food ingredient to limit the biofilm forming ability in C. sakazakii from different processing environments.
